Abstract-Signal blanking is a simple and efficient method to reduce the effect of impulsive noise over power-line channels. The efficiency of this method, however, is found to be not only impacted by the threshold selection but also by the average peak-to-average ratio (PAPR) value of the orthogonal frequency division multiplexing (OFDM) signals. As such, the blanking capability can be further enhanced by reducing the PAPR value. With this in mind, in this paper we evaluate the performance of constant envelope OFDM (CE-OFDM) which has inherently the lowest achievable PAPR of 0 dB; therefore, the proposed system is expected to provide the lower bound performance of the blanking-based method. In order to characterize system performance, we consider the probability of blanking error and signal-to-noise ratio (SNR) at the output of the blanking device. The results reveal that the proposed system can achieve significant improvements over the conventional OFDM blanking-based scheme in terms of minimized probability of blanking error. It will also be shown that output SNR gains of up to 6 dB can be attained over the conventional OFDM blanking-based systems.
I. INTRODUCTION
It is commonly known that impulsive noise (IN) is the main factor responsible for degrading communication signals over power-line communication (PLC) channels [1] , [2] . Mutlicarrier modulation (MCM) systems, such as orthogonal frequency division modulation (OFDM), are found to be more robust to this noise compared to single-carrier systems due to the property of spreading the noise energy over the available sub-carriers. Such a property, however, could turn into a disadvantage if the noise energy is very high where all sub-carriers become contaminated with high levels of interference. In such noise environments, other techniques, with varying degrees of effectiveness and complexity, should be utilized; the simplest and most effective of which remains the blanking scheme. In this scheme, the receiver is preceded with a blanking device to zero the incoming signal when it exceeds a certain threshold value. Blanking the unaffected useful signals will cause blanking errors and hence performance will degrade. In fact, one of the major causes of blanking errors is the high signal peaks associated with conventional OFDM systems, also known as the peak-to-average power ratio (PAPR) problem.
To reduce the PAPR of OFDM systems, many techniques have been introduced in the literature which are, generally, classified into distortionless techniques such as coding [3] , tone reservation [4] and selective mapping (SLM) [5] ; and non-distortionless techniques such as signal clipping and peak cancellation [6] , [7] . In general, although distortionless techniques are relatively more complex than the non-distortionless ones, they are still more attractive because the distortion caused by non-distortionless schemes can outweigh the benefit of the reduced PAPR. The other alternative technique is based on transforming the OFDM signal prior to transmission and applying the inverse transformation at the receiver prior to demodulation. For instance, a companding transform is studied in [8] , [9] where companded signals have an increased average power and, consequently, attains lower PAPR compared to conventional OFDM but, relatively, it is still large compared to single-carrier modulation. On the other hand, the authors in [10] - [12] proposed a phase modulator transform where it is shown that such a system can offer the lowest possible PAPR value of 0 dB. This system is referred to as constant envelope OFDM (CE-OFDM). Unlike conventional OFDM which amplitude modulates the carrier, CE-OFDM uses the OFDM signal to phase modulate the carrier and the inverse transform is performed at the receiver prior to the OFDM demodulator. Phase modulation transforms the amplitude variations into a constant amplitude signal by phase modulating the carrier which results in transforming the high PAPR OFDM signal to a 0 dB PAPR constant envelope waveform. It should be highlighted that transmitting OFDM by ways of angle modulation to reduce PAPR has been in the literature for a while but it was only studied in the context of power amplifier nonlinearity. In contrast to these studies, in this paper we utilize this property to enhance the capability of the impulsive noise mitigation process in PLC systems.
Therefore, the contribution of this paper is threefold. Firstly, the PAPR performance of the CE-OFDM and its impact on the probability of blanking error are studied. The second contribution resides in evaluating the signal-to-noise ratio (SNR) at the output of the blanking device. Then the problem of blanking threshold optimization is addressed and the corresponding maximum achievable output SNR is presented. For the sake of comparison and completeness, throughout our investigations results for the conventional OFDM blanking-based scheme are included. Results show that CE-OFDM with a blanking device can significantly outperform the OFDM-based system in terms of the probability of blanking error. Furthermore, it is shown that the proposed system is able to achieve a gain of up to 6 dB in the output SNR relative The rest of the paper is organized as follows. Section II highlights the key differences between the OFDM and CE-OFDM systems. In Section III, the system model is presented. Section IV evaluates the complementary cumulative distribution function (CCDF) and probability of blanking error performances for both the CE-OFDM and OFDM systems. In Section V the output SNR is studied as a function of the blanking threshold whereas the problem of blanking threshold optimization is addressed in Section VI. Finally, conclusions are drawn in Section VII.
II. CE-OFDM VERSUS OFDM SIGNALING
In this section we present the main differences between the CE-OFDM and OFDM systems. To start with, a typical OFDM waveform is represented by
where X k is the complex constellations of the data symbols, T B is the active symbol interval, N is the number of sub-carriers. Therefore, the real and imaginary parts of the OFDM signal can be expressed as
and
respectively, and the instantaneous signal power is given by
This clearly indicates that the signal power fluctuates over time. On the other hand, the general constant envelope (CE) signal has the following form
where A is the signal amplitude and φ (t) is its phase. CE-OFDM combines the advantages of both OFDM and CE modulation in which the high PAPR OFDM signal is converted into a constant envelope waveform. CE-OFDM has the form of (5) where the phase signal is a real-valued OFDM waveform which can be generated in various ways. For instance, in [13] the complex OFDM signal is divided into its real and imaginary components prior to the phase modulator whereas in [14] discrete cosine transform (DCT) is used. For this paper, to generate the realvalued OFDM signal we use the Hermitian symmetry to map the symbols prior to the OFDM modulator as will be illustrated in the next section. Since the OFDM signal is used to phase modulate the carrier, unlike the conventional OFDM which amplitude modulates the carrier, the phase signal of CE-OFDM can be expressed as
The CE-OFDM signal power is simply |s ce−of dm (t)| 2 = A 2 , and hence its PAPR is 0 dB. For better clarity, illustrative examples of the instantaneous power of the OFDM and the mapped CE-OFDM signals are presented in Fig. 1 from which it is clear that the peak and the average values of the CE-OFDM signal are the same hence its PAPR is 0 dB. It should be mentioned here that the spectral efficiency of CE-OFDM is not as good as conventional OFDM since real-valued signals are required at the input of the phase modulator [11] . Similar to conventional OFDM, CE-OFDM uses cyclic prefix to simplify equalization over multipath fading channels.
III. SYSTEM MODEL
The CE-OFDM system model under consideration is shown in Fig. 2 where the unshaded blocks basically represent the conventional OFDM system. In both systems, the information bits are first mapped into 16-QAM symbols, X = X 0 , X 1 , . . . , X N/2−1 , which are then serial-to-parallel (S-to-P) converted. For the OFDM system, these symbols are passed directly through an inverse discrete Fourier transform (IDFT) to produce complex valued sequence, (x cv n ), given by
However, for the CE-OFDM signal a real-valued time domain OFDM signal is obtained by enforcing Hermitian symmetry in the symbols prior to the IDFT such that The zero at index k = 0 is used to maintain conjugate symmetry. This sequence is then passed through the N -point IDFT to yield a real-valued sequence, (x rv n ), which can be expressed as
whereÑ = 2 N . The PAPR of the transmitted signal is
After that the real-valued OFDM signal is fed to a phase modulator to produce s(t) = A e jφ(t) , where A is the signal amplitude. In this paper we adopt the two component mixtureGaussian noise model to characterize the total noise in which IN is a result of two random sequences, a real Bernoulli and complex Gaussian process [2] , [15] n n = w n + i n n = 0, 1, 2, . . . ,Ñ − 1
where
while n n is the total noise component, w n is the additive white Gaussian noise (AWGN), i n is the IN, g n is complex white Gaussian noise with mean zero and b n is the Bernoulli process with probability mass function
where p denotes the IN probability of occurrence. The probability density function (PDF) of the total noise can therefore be expressed as
G (.) is the Gaussian PDF given by G x, µ, σ 
where the null hypothesis H 0 implies the absence of IN, P (H 0 ) = 1−p, whereas the alternative hypothesis H 1 implies the presence of IN, P (H 1 ) = p. At the receiver's front-end blanking is applied as follows
where T is the blanking threshold, r k and y k are the input and the output of the blanking device, respectively. It should be noted that the blanking device only processes the amplitude of the received signal while preserving its phase. Next, y n is fed to the S-to-P convertor and then passed through the phase demodulator where arg(.) calculates the phase of the received samples while the phase unwrapper is used to reduce the effect of phase ambiguities by adding multiples of 2π radians where appropriate to eliminate jumps greater than π radians.
IV. CCDF AND PROBABILITY OF BLANKING ERROR
The PAPR value is a random quantity depending on the input data symbols X n and therefore, its distribution is usually viewed statistically in terms of CCDF [16] . The CCDF of PAPR is defined as the probability that the PAPR of a data block exceeds a given threshold (PAPR o ) and is expressed mathematically as CCDF = Pr {PAPR > PAPR o }. For accurate estimates of the PAPR, oversampling of 4 is implemented in our investigations. Fig. 3 compares results of the CCDF for the CE-OFDM and conventional OFDM systems with N = 64. The analytical results of the latter system are found as
From this figure it is evident that the analytical results of the conventional OFDM scheme correlate well with the simulated ones. It is also clearly visible that the CE-OFDM system can drastically reduce the signal peak. For instance, at CCDF = 10 −3 the proposed system is able to reduce the peak value by 3.5 units compared to OFDM. This PAPR enhancement implies minimizing the probability of blanking error (P b ). P b is defined as the probability that the received signal, A r = |r n |, exceeds the blanking threshold when it is unaffected by IN and is given mathematically by the following joint probability
where B is the event of blanking. It was shown in [17] that the major cause responsible for worsening this probability is the high PAPR of the transmitted signal which is an inherent problem associated with the OFDM waveform. On the contrary, CE-OFDM, as shown above, has the lowest possible PAPR value of 0 dB allowing to achieve the minimum probability of blanking error performance. To illustrate this, we plot in Fig. 4 some results for P b performance versus T for both the CE-OFDM and conventional OFDM systems. It should be pointed out that the analytical results for the latter scheme are found using [17] 
The first observation one can see from these results is that the analytical and simulated results of the conventional OFDM scheme are in a good agreement. It should be stated here that our simulations from this point onward, unless it is clearly stated otherwise, are based on CE-OFDM/OFDM with N = 64 sub-carriers, oversampling rate of 4, input SNR = 25 dB and SINR = −15 dB. It can clearly be seen from Fig. 4 that the CE-OFDM scheme is very robust against blanking errors providing zero probability of blanking error at around 1 whereas in the case of OFDM P b = 0.3 at the same blanking threshold value and it improves as T increases. It is also observed that when T < 1, the proposed system has P b = 1. This is due to the fact that in this region all the signal samples have amplitudes of 1, as shown in Fig. 1 , and will consequently all be blanked. Furthermore, it is worth mentioning that in this region the conventional OFDM system has slightly lower probability of blanking error in comparison to CE-OFDM.
V. OUTPUT SNR AS A FUNCTION OF BLANKING THRESHOLD
This section investigates the impact of blanking on the SNR at the output of the blanking device. Fig. 5 illustrates the output SNR versus T for the CE-OFDM and conventional OFDM systems for various IN probabilities when input SNR = 25 dB and SINR = −15 dB. It is clear that the analytical results of the conventional OFDM system, which are obtained using [18, (2) and (26)], and the simulated ones are matching. The simulated output SNR is simply calculated as follows SNR out = E |x n | 2 /E |y n − x n | 2 . A common observation one can see for both systems is that the output SNR performance degrades as p becomes higher. However, irrespective of the IN probability, CE-OFDM with blanking can generally outperform the OFDMbased scheme when the blanking threshold value is moderate providing a SNR gain of up to 4 dB and 3 dB when p = 0.01 and 0.05, respectively; whereas when T is very large both systems perform similarly due to the fact that IN will impact both systems in a similar manner in the absence of the blanking device. On the other hand, when T is very small both systems suffer greatly from severe performance degradation since most of the useful signal energy is lost. Furthermore, it is evident that for each system, and for each IN probability, there exists an optimal blanking threshold that maximizes the output SNR. Interestingly enough, however, and unlike the OFDM system in which the maximum achievable output SNR is reached gradually, in the CE-OFDM system the output SNR hits its peak sharply at around T = 1. This phenomena is of great importance as discussed below. 
VI. PERFORMANCE OPTIMIZATION
In this section extensive simulations are conducted to find the optimal blanking threshold of the proposed scheme as well as the corresponding maximum achievable output SNR in various noise scenarios. To start with, we plot the optimal threshold versus SINR in Fig. 6 for both the CE-OFDM and conventional OFDM systems with p = 0.01 and 0.1. Comparing the CE-OFDM and OFDM results, it can be seen that the optimal threshold of the former scheme is always lower compared to that of the latter. In addition, unlike conventional OFDM in which the optimal threshold decreases as p becomes higher, in the CE-OFDM approach it remains constant regardless of the value of p. Another interesting feature for the proposed scheme is the fact that the optimal threshold is independent of SINR. These advantageous properties of the proposed system imply that optimal performance can always be achieved with no need for prior knowledge about the noise characteristics. This will, consequently, eliminate the requirement for noise estimations and hence estimation errors can be avoided and receiver complexity can also be reduced considerably.
The maximum achievable output SNR for the optimized systems is plotted in Fig. 7 versus SINR for various pulse probabilities. In order to provide comparative results, the output SNR of the conventional OFDM approach is also included on this plot. As a first remark on these results, it is evident that for both modulation schemes the output SNR is reduced as p increases. It is also obvious that the proposed technique always outperforms the conventional OFDM system throughout the SINR spectrum while offering highest gains in the intermediate SINR region (−3 dB > SINR > −10 dB) of up to 6 dB and 5 dB when p = 0.01 and 0.1, respectively. However, in the low SINR region (SINR < −30 dB), both systems behave similarly which is intuitively justified by the fact that when noise pulses are extremely high both schemes are able to perfectly detect and cancel the noise pulses. To summarize, CE-OFDM with blanking has the following advantageous properties: a) it has a better performance than conventional OFDM and does not require any noise estimations to combat IN b) As shown in Fig. 2 , CE-OFDM can be obtained from the conventional OFDM with only minor adjustments.
VII. CONCLUSION
In this paper we investigated the performance of CE-OFDM with a blanking device over IN power-line channels under various noise conditions. The performance of the proposed system is assessed in terms of the probability of blanking error and output SNR. In addition, the problem of blanking threshold optimization is addressed and the corresponding maximum achievable output SNR is presented. For comparison sake, results for the conventional OFDM based system are demonstrated throughout the paper. It is found that significant improvements can be attained with the proposed technique in the form of considerably minimized probability of blanking error and increased output SNR. Furthermore, it is demonstrated that output SNR gains of up to 6 dB can be achieved relative to the OFDM system in the intermediate SINR region.
